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DQDO\VLVZDVGRQHLQIROORZLQJVWHSV
x LQWHUSUHWDWLRQRIWKH*70UHVXOWVWRLGHQWLI\VORSHLQVWDELOLW\DQGVOLSVXUIDFH
x GHIRUPDWLRQDQGVWDELOLW\DQDO\VLVXVLQJQXPHULFDODQGDQDO\WLFDOPHWKRGV
x JHRWHFKQLFDOGHVLJQRIWKHUHPHGLDWLRQIRULQFUHDVLQJWKHFXWVWDELOLW\
0RKU ± &RXORPE PRGHO DQG -RLQWHG URFNPRGHO ZHUH VHOHFWHG LQ QXPHULFDO FDOFXODWLRQ WR VKRZPRUH UHDOLVWLF
PRGHOOLQJRIH[FDYDWLRQHIIHFWLQURFNPDVVHVIRUVXSSRUWGHVLJQXVLQJDQLVRWURSLFPDWHULDOPRGHOV

*HRORJLFDOFRQGLWLRQVDQGJHRWHFKQLFDOSDUDPHWHUV
+LJKZD\ FXW LV VLWXDWHG LQ HDVWHUQ 6ORYDNLD LQ WKH HQYLURQPHQW RI &DUSDWKLDQ IO\VFK ZKLFK LQ PHQWLRQHG DUHD
FRQVLVWVRIVKDOHZLWKGLIIHUHQWGHJUHHRIZHDWKHULQJ3LOHZDOOLVGLYLGHGLQWRWZRSDUWV³$´DQG³%´GXHWRGLIIHUHQW
JHRORJLFDOFRQGLWLRQV)LJ
3LOHZDOO LQ SDUW ³$´ LV HPEHGGHG WRPHGLXP VWURQJ VKDOH 7KLV OD\HU LV LQ GLUHFWLRQ WR WKH VXUIDFH FKDQJLQJ WR
GLVLQWHJUDWHGZHDNDQGYHU\ZHDNVKDOHDQGH[WUHPHO\ZHDNGHFRPSRVHGVKDOHFKDUDFWHURIFOD\ZLWKLQWHUPHGLDWH
SODVWLFLW\'HOXYLDOFOD\VFOD\ZLWKLQWHUPHGLDWHSODVWLFLW\DQGVDQG\FOD\VFDQEHREVHUYHGQHDUWKHVXUIDFHDERYH
WKHVKDOH)LJ0RVWLPSRUWDQWIDFWRUIRUWKHFXWLQVWDELOLW\LVXQIDYRXUDEOHVKDOHLQFOLQDWLRQRI±GHJUHHVWR
WKH FXW7KH LQFOLQDWLRQKDYHEHHQ FUHDWHGGXH WR WHFWRQLFPRYHPHQWV LQ WKLV DUHD%DVHGRQ WKH UHVXOWV RI*70
PHDVXUHPHQWVGHHSVOLSVXUIDFHZDVH[SHFWHGLQWKLVSDUW6OLSVXUIDFHZDVGUDZQEDVHGRQWKHWZRLQFOLQRPHWHUV
PHDVXUHPHQWV,1.DQG,1.)LJ

)LJXUH9LHZRIWKHFXWZLWKWKHORFDWLRQRIWKHHQJLQHHULQJJHRORJLFDOSURILOHV
7KHIUHHOHQJWKRIWKHDQFKRUVZDVWRRVKRUWWRSURYLGHWKHVDWLVI\LQJVDIHW\RIWKHLQWHUQDOVWDELOLW\RIWKHV\VWHP
*HRWHFKQLFDOSDUDPHWHUVXVHGLQFDOFXODWLRQVIRUVORSHVWDELOLW\DUHSUHVHQWHGLQ7DEOH-5PRGHODVDQDQLVRWURSLF
PRGHOZDVFKRVHQRQO\IRUWKHIUHVKDQGVWURQJVKDOHGXHWRWKHJHQHVLVZKLFKLVVLJQLILFDQWO\DQLVRWURSLF6KHDU
VWUHQJWKSDUDPHWHUVDUHWKHVDPHIRU0&DQG-5PRGHOEHFDXVH-5PRGHOLVXVLQJWKH0&IDLOXUHFULWHULRQ3/$;,6
0DWHULDOPRGHOVPDQXDO3DUDPHWHUVLQWURGXFHGLQ7DEOHDUHDQGGHQVLW\ȖDQGVDWXUDWHGGHQVLW\Ȗsat)RI
WKH VRLO VKHDU VWUHQJWK SDUDPHWHUV׋ef DQG cef  DQJOH RI WKH LQWHUQDO IULFWLRQ DQG FRKHVLRQ GHIRUPDWLRQPRGXOXV
EdefDQG3RLVVRQUDWLR (Q6XEVFULSWLQWKH-5PRGHOSDUDPHWHUVPHDQVGLUHFWLRQSHUSHQGLFXODUWRWKHOD\HUVDQG
VXEVFULSWPHDQVGLUHFWLRQSDUDOOHOZLWKOD\HUV,QFOLQDWLRQRIWKHOD\HUVLVGHILQHGYLDDQJOHɲ

0DWHULDOPRGHOV
3.1 Mohr – Coulomb model 
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
߬ ൌ ܿ ൅ ߪ´Ǥ ݐܽ݊߶ሺͳሻ            
,QWKHFDVHRIWKHSODQHVWUDLQVLWXDWLRQ\LHOGIXQFWLRQf(ı)DQGSODVWLFSRWHQWLDOIXQFWLRQg(ı)DUHZULWWHQDV
݂ሺߪሻ ൌ ߬ െ ሺܿǤ ܿ݋ݐ߶ ൅ ߪሻǤ ݏ݅݊߶ሺʹሻ
݃ሺߪሻ ൌ ߬ െ ߪǤ ݏ݅݊߰ሺ͵ሻ
7KH 0& PRGHO LV GHILQHG DV HODVWLF ± SHUIHFWO\ SODVWLF ,W PXVW EH QRWHG WKDW 0& PRGHO LV QRW JRRG RQH IRU
PRGHOOLQJGHIRUPDWLRQVDIWHUH[FDYDWLRQGXHWRRQO\RQHLQSXW(PRGXOXVZLWKRXWGLIIHUHQWYDOXHVRIPRGXOHVIRU
WKHYLUJLQORDGLQJXQORDGLQJUHORDGLQJ


)LJXUH(QJLQHHULQJJHRORJLFDOSURILOHLQSXWGDWDIRUQXPHULFDOPRGHO
3.2 Jointed rock model    
-RLQWHGURFN-5PRGHOLVDQDQLVRWURSLFPRGHOGHYHORSHGE\3/$;,6,WZDVXVHGRQO\IRUWKHZHDNVKDOHGXHWR
LWVQDWXUDOO\DQLVRWURSLFEHKDYLRXU9HU\LPSRUWDQWIHDWXUHRIWKLVPRGHOLVVHOHFWLRQRIWKHLQFOLQDWLRQRIWKHOD\HUV
RQZKLFKWKHDQLVRWURS\LVGHILQHG'LIIHUHQWSDUDPHWHUVIRUVWLIIQHVVDUHXVHGLQ0&DQG-5PRGHOV3DUDPHWHUVDUH
GHILQHGSHUSHQGLFXODU VXEVFULSW  DQGSDUDOOHO VXEVFULSW  WR WKH OD\HUV7KH WUDQVIRUPDWLRQ IURP WKH&DUWHVLDQ
FRRUGLQDWHV LVGRQHGXHWRIDLOXUHFULWHULRQRQWKHLQFOLQHGSODQH$IWHU WKHWUDQVIRUPDWLRQ WKHIDLOXUHFULWHULRQRQ
ORFDOFRRUGLQDWHVQVWFDQEHFKHFNHG6WUHVVDQGVWUDLQVWUDQVIRUPDWLRQVDQGGHILQLWLRQVIRUWKHDQLVRWURS\ZHUH
SXEOLVKHGE\=LHQNLHZLF]DQG7D\ORU RU.UiOLN 6WUHVVHVDUHGHILQHGDV IROORZV 3/$;,60DWHULDO
PRGHOVPDQXDO=LHQNLHZLF]DQG7D\ORU.UiOLN

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,Q UHODWLRQ  >7@L7 WUDQVIRUPDWLRQPDWUL[ [ LV FDOFXODWHG IRU WKH SODQHZLWK LQFOLQDWLRQ DQJOHĮ) 7KH IDLOXUH
FULWHULRQ RQ WKH LQFOLQHG SODQH LZDV FKHFNHG<LHOG IXQFWLRQ f(ı) DQG SODVWLF SRWHQWLDO IXQFWLRQg(ı) DUH GHILQHG
DFFRUGLQJWR3/$;,60DWHULDOPRGHOV3OD[LV
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6WDELOLW\ DQDO\VLV RU WKH 6DIHW\ )DFWRU 6) DQDO\VLV LV LQ 3/$;,6 FRGH GHILQHG DV D ³SKL ± F UHGXFWLRQ´ 6KHDU
VWUHQJWKSDUDPHWHUV׋ DQGc DUHSURSRUWLRQDOO\ UHGXFHGXQWLO HTXLOLEULXPVWDWHRI VWUHVVZDV UHDFKHG7KLVPHWKRG
ZDVSURSRVHGE\%ULQNJUHYHDQG%DNNHUDVUREXVWDQGFRPSOH[PHWKRGIRUVWDELOLW\DQDO\VLV6)LQWHUPVRI
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6XEVFULSWc GHQRWHVFULWLFDOSDUDPHWHUVZKLFKDUHUHGXFHGDQGʍ LVHIIHFWLYHQRUPDOVWUHVV7KHSDUDPHWHUVDUH
UHGXFHGDQG LWVPLQLPDOYDOXHVZKHQIDLOXUHRFFXUV LVQHHGHG IDLOXUHFULWHULRQ LV UHDFKHGDQG LWFDQ OHDGV WRQRQ
FRQYHUJHQFH&RPSXWDWLRQGRHV QRW UHDFK HTXLOLEULXP ORDGV DUH QRW UHDFKHG LQ LWHUDWLRQSURFHGXUH 'XH WR WKLV
SUREOHP%ULQNJUHYHDQG%DNNHUSURSRVHGLQGLUHFWGHIRUPDWLRQUHJXODWLRQLQIRUPRIWKHDUF±OHQJWKFRQWURO
.UiOLN)XVHNDQG+DODPD0HPRQDQG6X$UF±OHQJWKPHWKRGLVGHVFULEHGE\SOHQW\RIWKH
RWKHUDXWKRUVDQGWKHGHYHORSPHQWVIRUWKHVSHFLDOFDVHVDUHVWLOOGRLQJ%DUWRQ&KD]YLQLDQHWDO

5HVXOWVDQGGLVFXVVLRQV
(QJLQHHULQJJHRORJLFDOSURILOHIRUJHRWHFKQLFDOSDUDPHWHUVWRFDOFXODWLRQPRGHOZDVFKRVHQDVWKHQHDUHVWSURILOHWR
WKHLQFOLQRPHWHUVPHDVXUHPHQWVZLWKPRYHPHQWLQWKHVKDOHOD\HUV)LJDQG)LJ7KLVSURYLGHVJRRGZD\WR
PRGHO DQG FRPSDUH WKH UHVXOWV 0HDVXUHPHQWV IURP WKH LQFOLQRPHWHU $,1.3 ZHUH FKRVHQ WR FRPSDUH
GHIRUPDWLRQV RI SLOH ZDOO DQG FDOFXODWHG GHIRUPDWLRQV ,W LV VLWXDWHG GLUHFWO\ EHKLQG WKH ZDOO +RUL]RQWDO
GHIRUPDWLRQVZKLFKZHUHFRPSXWHGDIWHUWKHILQDOH[FDYDWLRQDUHVKRZQLQ)LJDQG)LJ


)LJXUH+RUL]RQWDOGHIRUPDWLRQVFRPSXWHGZLWK0&PRGHODIWHUWKHILQDOH[FDYDWLRQ
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
,WLVFOHDUWKDWLQ-5PRGHOELJJHUDUHDZDVDFWLYDWHGWKDQLQWKH0&PRGHODQGDELJJHUGHIRUPDWLRQRFFXUVLQ-5
PRGHO'HIRUPDWLRQVLQFRPSDULVRQWR*70PHDVXUHPHQWVIURPWKH-5PRGHODUHIDUFORVHUOLNHLQWKH0&PRGHO
)LJ  $UHD LQ WKH -5 LQZHDN VKDOH OD\HUPRGHO VPRRWKO\ IROORZV WKH LQFOLQHG OD\HUV DQG LW FDXVH DOVR WKH
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)LJXUH,QFUHDVLQJRIWKHVWDELOLW\ZLWKWKHLQFUHDVLQJVWHS
'HIRUPDWLRQVDUHPXFKELJJHULQWKHFDVHRIWKH0&PRGHOWKDQLQ-5PRGHO,WFDQEHFDXVHGE\WKHORZHUQRUPDO
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
&RQFOXVLRQ
7KLV DUWLFOHZDVPDGH WR VKRZ WKH LPSRUWDQFH RI WKH FKRRVLQJ FRUUHFWPDWHULDOPRGHO$V LWZDV SURSRVHGZLWK
FRUUHFWPDWHULDOPRGHOZH FDQ UHSUHVHQW WKH QDWXUHRI WKH FRPSOLFDWHGSKHQRPHQD LQ VKDOH DQLVRWURS\RI VKDOH
([SHFWHGVOLSVXUIDFHGUDZQDFFRUGLQJWR*70ZDVQRWUHDFKHGEXWWKHGLIIHUHQFHLQERWKPRGHOVLVFOHDUDQGDOVR
WKHDGYDQWDJHRIFKRRVLQJWKHLQFOLQDWLRQRIWKHOD\HUVLVLPSRUWDQWIHDWXUH$FFRUGLQJWRWKHUHIHUHQFHVWKH)(0
PRGHOOLQJRIDQLVRWURS\LVQRWVRFRPSOLFDWHGSUREOHPDQGLVFOHDUIRU\HDUV)XUWKHUQXPHULFDOUHVHDUFKVKRXOGEH
GRQH LQ WKLV ILHOG DFFRUGLQJ WR WKH VRLO PHFKDQLFV EHFDXVH DOO W\SHV RI VRLO DUH RI DQLVRWURSLF QDWXUH 1RW RQO\
QXPHULFDO EXW DOVR ODERUDWRU\ UHVHDUFK PXVW SURFHHG 1RW VR PDQ\ ZRUNV DUH LQWHUHVWLQJ DERXW DQLVRWURSLF
EHKDYLRXUHVSHFLDOO\ LQVKDOH)XUWKHU UHVHDUFKVKRXOGEH IRFXVHGRQ WKHSDUDPHWHUVEHFDXVH LW LVPRVW LPSRUWDQW
IHDWXUHRIWKHQXPHULFDOPRGHOOLQJ

$FNQRZOHGJHPHQW
7KLVDUWLFOHLVRQHRIWKHRXWSXWVRI9(*$JUDQWDJHQF\1R

5HIHUHQFHV
 %$5721 1 6KHDU VWUHQJWK FULWHULD IRU URFN URFN MRLQWV URFNILOO DQG URFN PDVVHV 3UREOHPV DQG VRPH VROXWLRQV -RXUQDO RI 5RFN
0HFKDQLFVDQG*HRWHFKQLFDO(QJLQHHULQJ±
 %5,1.*5(9( 5%- %$..(5 +/ 1RQOLQHDU ILQLWH HOHPHQW DQDO\VLV RI VDIHW\ IDFWRUV &RPSXWHU 0HWKRGV DQG $GYDQFHV LQ
*HRPHFKDQLFV%RRNHU	&DUWHU%DONHPD5RWWHUGDWPSS
 )86(.0+$/$0$50.3D0+30DWHPDWLNDSURLQåHQêU\VWROHWtS
 &+$=9,1,$1$*(5$10$<(+9$1(*+, 5+$'(,05 $=,1)$50- 6KHDU EHKDYLRU RI LQKHUHQWO\ DQLVRWURSLF URFNV
,QWHUQDWLRQDO-RXUQDORI5RFN0HFKDQLFV	0LQLQJ6FLHQFHV±
 .5È/,.-0RGHORYDQLHY0.3$16<66786WDYHEQiIDNXOWD%UDWLVODYDS
 0(021%$68;$UF±OHQJWKWHFKQLTXHIRUQRQOLQHDUILQLWHHOHPHQWDQDO\VLV-RXUQDORI=KHMLDQJ8QLYHUVLW\6&,(1&(SS

 3/$;,66FLHQWLILFPDQXDODQG0DWHULDOPRGHOVPDQXDO
 =,(1.,(:,&=2&7$</255/7KH)LQLWH(OHPHQW0HWKRGIRU6ROLGDQG6WUXFWXUDO0HFKDQLFV(OVHYLHU%XWWHUZRUWK+HLQHPDQQ
2[IRUG,6%1S
1
1,2
1,4
1,6
1,8
2
0 50 100 150 200
SF
Step
MohrͲCoulombSF
JointedRockSF
